1. Introduction {#sec1}
===============

The core of psychopathological symptoms in schizophrenia is thought to be an effect of disrupted functional and structural connectivity in the brain that is related to aberrant neurodevelopment, which is believed to start at the same time as the formation of the brain tissues ([@bib11]; [@bib12]; [@bib36]). It is postulated that disconnectivity can have an impact on other neurodevelopmental processes, such as synaptic pruning and myelinogenesis ([@bib6]; [@bib37]). Moreover, tension-induced growth of white matter is considered able to modulate the folding patterns of the cortical surface ([@bib13]). In an attempt to better characterize neurodevelopmental underpinnings and identify connectivity alternations in schizophrenia, some recent studies have focused on cortical gyrification ([@bib23]), which can be defined as a process of cortical folding in which the initially smooth surface begins to buckle in order to fit into a relatively small space in the skull ([@bib13]). The most common measure of cortical folding is the gyrification index (GI), which is the ratio of the length of the outer folded surface of the brain to the length of the outer surface excluding sulci ([@bib63]). Briefly, brains with a higher degree of cortical folding have larger GI values. Initially, this method involved manual GI tracing, which relied on measurements collected by hand from coronal plane slices, often on post-mortem or 2D MRI brain slices ([@bib63]). Besides the fact that this was expensive and time-consuming, the main criticisms were related to the precision and accuracy of estimation of the architectural complexity of cortical folding because this was captured in only two dimensions (i.e. 2D-related underestimation tendency). Subsequently, the automated GI method was introduced ([@bib26]), followed by the local gyrification index (LGI, [@bib41]). The latter, in contrast to a single-point 2D measure, introduces the 3D spherical kernel concept and defines LGI as an area ratio between the outer hull and the pial surface. This method quickly gained popularity as it is more accurate, is accessible from open-source FreeSurfer software (<http://surfer.nmr.mgh.harvard.edu/>), and is widely used in clinical studies ([@bib23]). Importantly, some authors suggest that alterations in cortical folding measured with LGI may be regarded as a biomarker of schizophrenia ([@bib23]; [@bib58]). However, consistent conclusions are precluded by the discrepancies between the LGI results in the literature, indicating that abnormalities are more related to increased (hypergyria) or decreased (hypogyria) LGI ([@bib30]; [@bib34]; [@bib39], [@bib40]). Previous studies on LGI in schizophrenia have mostly reported global suppression of cortical folding in comparison to healthy controls ([@bib58]). So far, hypogyria has been found mainly in the frontal, superior-parietal and temporal cortices ([@bib5]; [@bib19]; [@bib61]), as well as in the temporal lobes ([@bib47]), the anterior ([@bib5]) and posterior cingulate cortex ([@bib56]), the supramarginal gyrus ([@bib5]; [@bib19]), the insula ([@bib35]), the visual cortex (V1, V2, V5) ([@bib45], [@bib46]), and the multimodal association cortex ([@bib33]). Importantly, gyrification decreases over the lifespan (a natural consequence of ageing) faster in schizophrenia than in healthy subjects ([@bib5]). Moreover, hypogyria has been detected in people with high-risk ([@bib8]; [@bib29]) and polygenic risk of schizophrenia ([@bib20]), thus accentuating the connection between these changes and neurodevelopmental and genetic-risk factors ([@bib23]). Lastly, comparative research including other psychiatric diagnoses indicates that LGI changes are more severe than for, e.g., bipolar disorder ([@bib5]; [@bib30]) and exist in the broad spectrum of schizophrenic psychoses ([@bib27]; [@bib40]).

On the other hand, along with the aforementioned hypogyria findings, some post-mortem ([@bib55]), manual tracing or automated GI studies have revealed hypergyrification of the prefrontal cortex in chronic schizophrenia patients ([@bib16]; [@bib44]; [@bib55]) and in non-affective first-episode psychosis subjects ([@bib64]). Furthermore, using surface-based LGI methods, [@bib33] showed both hypogyrification and hypergyrification in the prefrontal cortex. Moreover, hypergyria in the precuneus and the superior parietal cortex ([@bib19]) and in the visual cortex ([@bib46]) have been reported in schizophrenia with the same LGI method.

When summarizing the evidence and the inconsistency of the existing results in the literature, the following questions still seem to be insufficiently resolved: a) is schizophrenia particularly characterized by hypogyria, hypergyria, or both?; b) are the methods used sufficiently spatially sensitive and morphologically exact to detect these cortical folding abnormalities accurately? To tackle the problem of the large amount of spatial (non-linear) data, researchers have incorporated kernel estimation into analyses in a broad range of scientific disciplines, e.g. robotics ([@bib21]; [@bib50]) and geodesy ([@bib15]; [@bib62]). From this perspective, analysis of brain gyrification can be compared and treated by analogy as, for example, an irregular, uneven terrain with cortical gyri as mountains and sulci as valleys. A novel measure of cortical folding and applying kernel estimation was introduced to neuroimaging studies by [@bib22] and has the potential to become a useful tool in answering questions related to brain morphology (topography) research. This method comes from the (cortex) shape-adaptive kernel approach, which makes it possible to determine the shape and size of the kernel with regard to local folding and characteristics of the cortex, e.g. sulcal fundi and gyral crowns, in order to better fit in a single sulcus or gyrus without overlapping on neighbouring regions (for detail see: [@bib22]). This novel method, by better adaptation to real brain morphology, seems in this regard to strongly improve the surface-based spherical kernel method (FreeSurfer LGI, [@bib41], [@bib42]). Moreover, the shape-adaptive kernel method (Cmorph LGI, [@bib22]) makes it possible to capture folding patterns appropriately across the entire cortical surface, whereas the spherical kernel in standard LGI needs to be very big to not sink into, e.g., the Sylvian fissure. As a result, the analysed surface is much more biologically plausible and seems to be more accurate than in previously used methods (e.g. the standard pipeline implemented in FreeSurfer). For example, a kernel area of 316 mm^2^ corresponds to the area of a spherical kernel with a radius of 10 mm, while the default in LGI is 25 mm ([@bib22]).

In the present paper, we aimed to test the spatial accuracy of the novel cortical shape-adaptive kernel (Cmorph, [@bib22]) and the standard pipeline of the spherical kernel (FreeSurfer, [@bib41], [@bib42]) when analysing the between-group differences of chronic schizophrenia outpatients and healthy controls.

2. Material and methods {#sec2}
=======================

2.1. Subjects {#sec2.1}
-------------

The study included two groups: schizophrenia outpatients (n = 30) and healthy controls matched in sex, age and education (n = 30). Procedures were designed in accordance with the ethical standards of the [@bib60] and approved by the Research Ethics Committee at the Institute of Psychology, Jagiellonian University, Krakow, Poland. All subjects gave informed consent to participate in the experimental procedures: interview, Montreal Cognitive Assessment (MoCA; [@bib28]) and MRI scanning. Additionally, in the clinical group experienced psychiatrists verified the schizophrenia diagnoses and performed the assessment with the Positive and Negative Syndrome Scale (PANSS; [@bib17]; [@bib53]) and the Brief Negative Symptom Scale (BNSS; [@bib18]). All clinical subjects were under antipsychotic medication and in a stable psychopathological condition for at least several weeks prior to the assessment. The mean dose of antipsychotics calculated as chlorpromazine equivalents ([@bib2]; [@bib14]; [@bib59]). None of the subjects had a history of head injuries, seizures, substance dependence or any serious current somatic illnesses. All were remunerated after the MRI session. The groups did not differ in terms of sex and age, but they did differ in years of education (CON \> SCH), however this difference was not found at the education level (Chi^2^ = 4.592; p = 0.204). A difference in cognitive performance (MoCA) was found, with a lower total score in SCH group revealing the cognitive impairments characteristic for the schizophrenia ([@bib1]). The details are presented in [Table 1](#tbl1){ref-type="table"}.Table 1Subjects demographics and clinical data. All clinical subjects were taking antipsychotic medication, including conventional (flupentixol, haloperidol, promazine) and/or atypical (amisulpride, clozapine, olanzapine, risperidone, sulpiride, quetiapine; aripiprazole) antipsychotics. Some patients received antidepressants (escitalopram, paroxetine), anxiolytics (hydroxyzine) and/or mood stabilizers (carbamazepine, lithium, valproic acid). The significance level in all statistical analyses equalled alpha = 0.05.Table 1Please check the layout of Table(s) 12Healthy controls (n = 30)test for between-group differences**Demographic**Mean (SD)Mean (SD)Age41.88 (8.83)\
Min. (27) Max (61)41.80 (8.68)\
Min (27) Max (61)t = 0.72; nsSex: male/female14/1614/16Chi^2^ = 0.000; nsEducation (in years)15.22 (2.95)16.30 (2.91)t = 3.03; p \< 0.005Montral Cognitive Assessment (MoCA)25.10 (3.64)27.03 (1.96)t = -4.841; p \< 0.01**Clinical**Schizophrenia diagnosis (ICD-10):n (%) paranoid (F20.0)27 (91 %) undifferentiated (F20.3)2 (6 %) schizoaffective disorder (F25.0)1 (3 %)Type of pharmacotherapy: typical anipsychotics1 (3%) atypical antipsychotics27 (91%) typical and atypical antypsychotics mixed2 (6%) anxiolytics11 (37%) antidepressants4 (14%) mood stabilizers6 (20%)**Characteristic of the illness:**Mean (SD) duration of psychosis (in years)17.2 (8.57) number of relapses8.83 (7.33) number of hospitalizations8.6 (5.57) chlorpromazine equivalent (mg/day)425.33 (277.74)Positive and Negative Syndrome Scale (PANSS)Mean (SD) total61.23 (16.01) positive11.3 (4.15) negative16.9 (6.4) disorganization9.53 (3.95) excitement6.07 (2.24) emotional distress9.17 (3.17)Brief Negative Symptom Scale (BNSS) total22.03 (13.54)

2.2. Image acquisition {#sec2.2}
----------------------

Magnetic resonance imaging (MRI) was performed with a 3T scanner (Magnetom Skyra, Siemens) at Malopolska Centre of Biotechnology, Krakow, Poland. Acquisition was performed with a 64-channel head coil. For high-resolution anatomical T1 scans, an optimized magnetization-prepared rapid acquisition gradient echo (MPRAGE) was used with following parameters: TR = 1800 ms, TE = 2.26 ms, TI = 900 ms, FA = 8°, voxel size of 1.0 × 1.0 × 1.0mm, number of sagittal slices = 208, FOV = 256 × 256 mm2, GRAPPA acceleration factor 3, and phase encoding A/P. Whole brain images were covered with axial slices with a 20% gap between slices (distant factor = 0.5 mm), taken in an interleaved, ascending fashion.

2.3. Analysis {#sec2.3}
-------------

Firstly, for the reconstruction of the cortical surfaces and further calculation of the LGI, the standard FreeSurfer v6.0.0 (<http://surfer.nmr.mgh.harvard.edu/>) pipeline was applied to subjects\' T1 scans (i.e. recon-all command with -all -qcache options; [@bib7]; [@bib10]). The pial and white surfaces were checked (using Freeview v2.0.0) for the occurrence of any obvious errors (e.g. tissue fragments deleted) during the reconstruction process. No manual edits were made. One clinical subject was removed from the analysis due to insufficient reconstruction of the brain.

Secondly, the standard LGI ([@bib41], [@bib42]) implemented in FreeSurfer (i.e. the recon-all command with -localGI -qcache -measure pial_lgi options) was computed for all subjects. Oval-shaped regions of interest on the outer surface were matched with the corresponding regions of interest on the inner surface (as a result of using a 25mm spherical kernel at each vertex). The ratio of the cortical surface area to outer surface area was calculated and the values were then placed on the corresponding cortical surface vertices, thus creating a global heat map of the LGI.

Thirdly, a similar vertex-wise LGI map was calculated with the Cmorph v1.2 package ([@bib22]; <https://github.com/ilwoolyu/LocalGyrificationIndex>), MATLAB R2019a (MathWorks, Inc., Natick, Massachusetts, United States) and GNU parallel software ([@bib52]; <http://www.gnu.org/software/parallel>). As the input we used FreeSurfer pial and white surfaces from each subject and hemisphere, converted to triangular 3D vtk format. The Cmorph method adapts the shape of the LGI kernel to elongate it along the sulcus/gyrus and keep it spherical near any plateaus. To obtain this effect, a tensor field from a geodesic distance (travel-time) map is created. The wavefront propagation along the tensor field enables the program to construct the desired shape-adaptive kernels for the LGI computations at each vertex of the input surfaces.

Then, before group comparison statistics, the average brain surface was constructed for all subjects\' vertices by mapping them to common surface space corresponding to the surface locations of the individuals (fsaverage command).

Finally, two separate between-group Generalized Linear Model (GLM) analyses of both LGI measures (Cmorph and FreeSurfer) were performed by whole-brain vertex-wise analysis with permutation-based cluster correction for multiple comparisons (mri_glmfit -sim): 1. group with gender as a silent regressor in the group intercept GLM model; 2. group intercept contrast with gender and age as regressor (DODS option in FreeSurfer). Bidirectional contrasts were applied to both LGI methods (i.e. healthy controls \> schizophrenia outpatients, healthy controls \< schizophrenia outpatients). All contrasts for between group comparison were visualised by FreeView v.2.0 with smoothing 0 mm FWHM, vertex-wise threshold p = 0.01, and cluster-wise (CWP) threshold at p = 0.001. No additional formal statistical comparison between Cmorph and Freesurfer methods was done, except this described by [@bib22].

3. Results {#sec3}
==========

Both LGI measures revealed various bilateral differences between schizophrenia and healthy controls (GLM contrast: group x gender x age). However, essential differences in cluster sizes, localization, and the output of directional contrasts (i.e. Cluster Growing Summary by mri_surfcluster command) should be clearly pointed out. The spherical kernel LGI analysis (FreeSurfer) revealed 3 bilateral temporal region clusters that indicate hypogyria in schizophrenia and 5 clusters in frontal regions related to hypergyria; total size of hypogyria 1259 mm2; hypergyria 219 mm2. At the same time, the cortex shape-adaptive kernel method (Cmorph) revealed widespread bidirectional differences, i.e. 23 hypogyria clusters (13 left hemisphere/10 right hemisphere) in 18 fronto-temporo-parietal brain regions in both hemispheres, and 25 hypergyria clusters (14 left hemisphere/11 right hemisphere) in 20 fronto-temporo-parieto-occipital brain regions in schizophrenia; total size of hypogyria 994 mm2; hypergyria 1184 mm2. It is noteworthy that the adaptive kernel approach revealed smaller and more precise localized clusters within bidirectional contrasts as compared to the standard FreeSurfer output. Detailed statistics and labelling of cluster annotations are presented in [Table 2](#tbl2){ref-type="table"}. Visualization of schizophrenia-related hypogyria (red) and hypergyria (blue) clusters from both assessed LGI methods for group x gender x age GLM model are presented in [Figure 1](#fig1){ref-type="fig"}.Table 2Comparison of the between group differences in the LGI obtained with FreeSurfer spherical kernel method and Cmorph shape-adaptive kernel method. Statistical analysis from mri_glmfit --sim utilized a whole-brain vertex-wise analysis with permutation-based cluster correction for multiple comparisons, controlled for age and gender, with smoothing 0 mm FWHM, vertex wise threshold p = 0.01 and cluster wise (CWP) threshold at p = 0.001. Differences are presented as: maximum value of the cluster (Max), maximum value of the vertex (Vtx max), size in mm2 with the MNI coordinates per cluster. Results are reported from both, unidirectional (positive) and bidirectional (absolute) contrasts (healthy controls \> schizophrenia outpatients, healthy controls \< schizophrenia outpatients).Table 2Spherical kernel LGICortical shape-adaptive kernel LGICluster AnnotationMaxVtxMaxSize (mm2) positive contrastSize (mm2) absolute contrastMNICluster AnnotationMaxVtxMaxSize (mm2) positive contrastSize (mm2) absolute contrastMNIXYZXYZHealthy controls \> schizophrenia outpatientsLeft hemispherelateralorbitofrontal1.9642059317.11\--27.929.41medialorbitofrontal3.092119829.3417.68-8.810.6-15.5rostralmiddlefrontal2.50614594318.1737.24-21.953.17.42.13388616.58\--28.948.12.4superiorfrontal3.97513149454.4768.16-1561.35.7precentral2.82234484101.07142.02-42-6.744.1superiortemporal2.255770538.9215.44-55.91.2-11.9superiortemporal2.5849646412.6233.24-63.6-20.2-0.73.76916121977.5122.41-53.65.9-12.42.384335317.14\--60.5-16.22.2inferiortemporal4.37462831128.86161.94-55.5-51-13.1fusiform2.138578569.2229.93-28.5-79.6-8.9precuneus2.4616240442.6138.78-26.5-64.56superiorparietal2.3213582415.79\--10.6-91.427.1Right Hemispherecaudalmiddlefrontal3.24614046092.28134.238.222.239.1superiorfrontal2.44812316723.76-19.247.632.1precentral2.99314551596.84144.3739.9-4.944paracentral2.2256677717.91-14.9-2645.2postcentral2.0585978810.01-23.3-3170.4superiortemporal4.11187011203.83741.8846.54-21.9superiortemporal3.1557039066.2497.7160.2-1.4-5.82.7359449524.8158.744.915.3-25.12.3651870114.3138.146.54-21.9inferiortemporal1.982566216.86-53.9-59.5-7.6temporalpole1.9614325915.81-39.314.6-31.3lingual2.3313590722.33-22.1-54.2-7.3Healthy controls \< schizophrenia outpatientsLeft hemispheremedialorbitofrontal2.3191073911.03\--5.247.8-22.3lateralorbitofrontal2.571730432.3581.4-25.723.2-17.62.0765106120.45\--13.932-19.5parsorbitalis2.3727316711.16\--34.640.7-10.2caudalmiddlefrontal2.324707966.2811.04-27.321.336rostralmiddlefrontal2.42510644915.3427.31-37.550.91superiorfrontal2.346735350.0514.85-20.125.646.1superiorfrontal3.30147297127.43176-22.117.841.8rostralanteriorcingulate2.473317529.449-741.12.8rostralanteriorcingulate2.7288331556.04125.4-10.537.613.1bank of superior temporal sulcus2.0978662050.02\--50.1-40.2-5fusiform2.3551101611.32\--34-44-20.6precentral5.32663825126.53160.78-54.5-1.837inferiorparietal2.416833915.7434.45-51.2-58.427.83.312111719201.41291-42.2-52.319.2lingual2.5015346043.8292.27-15.6-79.6-11.8precuneus2.18510145123.4\--14.7-51.333.2Right Hemispherelateralorbitofrontal2.57513423827.99105.3831.630.8-11.3rostralmiddlefrontal2.407100963.0416.9237.942.610.3rostralmiddlefrontal4.27314587966.8185.6437.552.4-4.92.039799510.22-42.737.923.92.2616564935.28-23.551.620.6caudalmiddlefrontal2.09912427921.4-37.81.931.92.0251405918.18-24.85.346.8middletemporal2.074179921.76-59.6-21.9-19.9precentral2.4648295312.34-57.90.632.62.41614523323.3856.4536.1-20.152.8fusiform4.00311443770.91100.1439.1-42-21.2supramarginal3.712101436128.01164.5248.2-39.440.5lateraloccipital2.261888512.2926.8439.2-86.5-3.2Figure 1Comparison of between-group differences of the FreeSurfer gyrification index (top panels) and cortex-shape-adaptive kernel Cmorph method (bottom panels) depicted as non-inflated (A panel, on left) or inflated (B panel, on right) pial surfaces. Statistical analysis from mri_glmfit utilized a whole-brain vertex-wise shape analysis with smoothing 0 mm FWHM, vertex-wise threshold p = 0.01, and cluster-wise threshold p = 0.001. Images of cluster localizations (anterior, posterior, inferior, superior, sagittal lateral/middle plane) were obtained with FreeSurfer (<http://surfer.nmr.mgh.harvard.edu/>) and visualized with FreeView v.2.0. The colour scale (red: healthy controls \> schizophrenia outpatients; blue: healthy controls \< schizophrenia outpatients) is set the same for both methods. Coloured areas show the vertex-wise p-values of the difference between patients and controls as log~10~(p), so that dark colour (value = 1.3) means p = 0.05. The vertex-wise results are masked by the positions of significant clusters.Figure 1

4. Discussion {#sec4}
=============

To the best of our knowledge, this is the first study that has attempted to use the cortex shape-adaptive kernel approach in estimating cortical folding differences in schizophrenia. The results obtained from both methods (Cmorph and FreeSurfer) indicate widespread differences in LGI between schizophrenia outpatients and healthy controls. Both methods revealed consistent hypogyria findings in bilateral temporal and frontal hypergyria regions. Additionally, the clusters from the shape-adaptive kernel method are smaller and more spread out across the brain and create more diffuse and complex patterns of bidirectional changes on cortical folding in schizophrenia, i.e. fronto-temporo-parieto-occipital hypogyria and hypergyria. Overall, the presented results indicate that Cmorph LGI may be successfully used for LGI measurement in schizophrenia and other clinical populations.

4.1. Spherical kernel LGI {#sec4.1}
-------------------------

Firstly, the presented results from the spherical kernel LGI indicated hypogyrification only in the temporal regions (i.e. superior temporal gyrus) of both hemispheres and in the right temporal pole in schizophrenia outpatients. Similar structures were reported previously in people with a high clinical risk of schizophrenia ([@bib8]), and in people with resistant auditory hallucinations ([@bib4]). Moreover, a big cluster of hypogyria but only in the right superior temporal gyrus in adolescents with schizophrenia was also identified ([@bib35]). Interestingly, although we found bidirectional changes, the above findings are in line with our results when considering the lateralization shift in the size of the differences, i.e. a big cluster in the right hemisphere (ca. 1200 mm2) vs a small one in the left hemisphere (ca. 40mm2).

Secondly, standard LGI revealed that hypergyria regions in schizophrenia were presented mainly in the rostral-middle-frontal cortex in both hemispheres. This is in line with some previous studies on the prefrontal regions on interest ([@bib30]; [@bib40]; [@bib64]) and on whole-brain analysis ([@bib51]). However, another report indicates that observed changes could be related to the greater number of intermediate orbital sulci in some patients ([@bib3]). Moreover, an increase in cortical folding has also been detected in the superior-frontal and anterior cingulate regions in the left hemisphere ([@bib39]; [@bib51]). This is in contrast to previous findings which reported hypogyria in these two structures, i.e. the superior-frontal and anterior cingulate regions ([@bib19]; [@bib27]). Finally, other contradictory literature findings showed either only hypogyria in clinical high-risk subjects ([@bib8]) and schizophrenia patients ([@bib5]; [@bib61]) or, in contrast, unidirectional hypergyria in schizophrenia patients ([@bib40]; [@bib51]). All these mutually exclusive results are at the source of this far-reaching dispute over whether abnormal neurodevelopment of the cortex in schizophrenia results in hypogyria, hypergyria, or both.

4.2. Hypogyria vs. hypergyria in schizophrenia {#sec4.2}
----------------------------------------------

Hypergyria may be related to altered brain neurodevelopment and maturation. It is believed that axonal tension is not sufficient to induce cortical folding, but tension-induced growth of white matter could modulate the folding of the cortex ([@bib13]). This is in line with studies on white matter in schizophrenia that show widespread disconnectivity in patients ([@bib57]). However, it only explains the source of the differences in cortical gyrification, but not its diversity. Other neurodevelopmental process could have an impact on folding, for example, cell migration. Altered neurodevelopment has an influence on cortical thickness and some findings indicate thinning of the prefrontal cortex in schizophrenia ([@bib31]), which also shows hypergyrification in high genetic risk subjects ([@bib9]). Additionally, as suggested by some authors ([@bib35]), regions which are involved in deficits in schizophrenia patients, such as the multimodal association cortex, could have altered gyrification (e.g. the superior temporal gyrus, as shown in our study).

\'Yet, our results may shift the balance in the discussion towards the existence of both hypogyria and hypergyria in schizophrenia patients, both of which can be detected by the spherical-kernel method but are much more clearly seen with the cortex shape-adaptive kernel approach.

4.3. Cmorph -- shape-adaptive kernel LGI {#sec4.3}
----------------------------------------

Cmorph methods revealed that hypergyria is equally represented in the schizophrenic brain as hypogyria, which is easily visible in a wide range of fronto-temporo-parieto-occipital brain regions. This may be related to two main factors which stand out when these two methods are compared in terms of their spatial accuracy in identification of regions with altered brain gyrification: cluster size and biological mapping accuracy. In fact, standard LGI shows big clusters covering a few gyri, for example in the right superior-temporal cortex (ca. 1200mm2) (see [Figure 1](#fig1){ref-type="fig"}), while clusters from Cmorph LGI are smaller, e.g. three clusters identified in the right superior-temporal region (ca. 105mm2). Moreover, the clusters from Cmorph seem to be more morphologically accurate and can fit into a single gyri/sulci and are thus distributed more broadly across the brain. Results from the shape-adaptive kernel LGI coincide with the spherical kernel LGI, but due to its more relevant measurements (smaller kernel size) Cmorph LGI is able to reveal small differences in regions which would blend into one cluster in standard FreeSurfer LGI. As a result, differences can be detected that are coherent with other studies ([@bib32]; [@bib43]; [@bib44]; [@bib61]) despite the relatively small sample-size examined in our study. For example, the presented findings on hypogyria in the precentral gyrus and the middle frontal regions are complementary with previous studies ([@bib43]; [@bib61]) and findings on altered LGI in the right precuneus ([@bib32]) or supramarginal gyrus ([@bib33]). Finally, the reported hypergyria in the lateral orbitofrontal cortices, rostral middle frontal gyri, and occipital area regions are similar to those pointed out in a study on first-episode schizophrenia patients ([@bib39]).

4.4. Limitations and future directions {#sec4.4}
--------------------------------------

In summary, this is the first Cmorph LGI study on schizophrenia, but some limitations precludes explicit conclusions concerning the unique patterns of cortex folding in schizophrenia. First of all, replication on a bigger sample size is needed and this work should be considered as an inspiration for succeeding studies on the LGI abnormalities in schizophrenia. Nevertheless, besides the greater number of altered hypo- and hypergyria brain regions revealed by new LGI method (Cmorph) than standard FreeSurfer code, due to the limited sample size from our project and no formal statistical comparison of pipelines, we were unable to clearly state which method is more accurate at illustrating the actual cortical folding abnormalities in schizophrenia. In particular, the problem of normalization of individual brain size and chosen kernel size with the average of total cortical surface area over population is widely discussed and the code is still under development. Although, presented preliminary results may serve as valuable pioneering outcome as they point out the problems arising in the field of brain morphometry analyses and indicate the future direction of their development. More specifically, considering the debate over whether changes in LGI might become a biomarker of schizophrenia ([@bib23]; [@bib40]; [@bib54]), precision in the mapping of brain regions should be a special concern ([@bib3]; [@bib38]). Aberrant LGI is a widely suggested potential biomarker for people with a genetic risk ([@bib43]) or clinical high risk of developing schizophrenia ([@bib8]; [@bib9]; [@bib48]), or in those who already have schizophrenia ([@bib54]) and may differentiate subjects\' gyrification changes from other psychiatric conditions ([@bib5]; [@bib24]). Thus, the application of shape-adaptive kernel Cmorph LGI in big data studies, like the ENIGMA consortium (<https://enigma.ini.usc.edu>[)]{.ul}, the Human Connectome Project (<http://www.humanconnectomeproject.org/>), or the SchizConnect project database (<http://schizconnect.org/>), could bring consistent results and allow the complex patterns of cortical folding in schizophrenia to be revealed. Furthermore, the shape-adaptive kernel approach could be useful in examining the relation between gyrification and psychopathology in schizophrenia, which has only been examined by a few studies so far that focused on the deficit and negative symptoms ([@bib25]; [@bib49]; [@bib51]). Finally, Cmorph seems to be a method which can be widely applied in morphometric studies concerning not only schizophrenia but also other clinical conditions related to altered brain structure.

5. Conclusions {#sec5}
==============

In conclusion, the presented evidence from disrupted cortical folding in schizophrenia outpatients indicates that the cortex shape-adaptive kernel (Cmorph LGI) approach may be a valuable tool for further investigation, especially if a big sample size is involved, as well as in other clinical populations. Finally, presented preliminary results from novel LGI method (Cmorph) suggest that potential mechanism of altered cortical folding in schizophrenia is not related only to the hypogyria, but rather with such changes in brain neurodevelopment, maturation and ageing with final settlement of alternate brain regions morphology (hypo- and hypergyria) and its abnormal connectivity. However, the future investigation should be provided to resolve this question and to better determine biological origins of schizophrenic psychoses.
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